Epidemiological studies have shown an inverse association between dietary intake of whole grains and the risk of chronic disease. This may be related to the ability to mediate a prebiotic modulation of gut microbiota. However, no studies have been conducted on the microbiota modulatory capability of whole-grain (WG) cereals. In the present study, the impact of WG wheat on the human intestinal microbiota compared to wheat bran (WB) was determined. A double-blind, randomised, crossover study was carried out in thirty-one volunteers who were randomised into two groups and consumed daily 48 g breakfast cereals, either WG or WB, in two 3-week study periods, separated by a 2-week washout period. Numbers of faecal bifidobacteria and lactobacilli (the target genera for prebiotic intake), were significantly higher upon WG ingestion compared with WB. Ingestion of both breakfast cereals resulted in a significant increase in ferulic acid concentrations in blood but no discernible difference in faeces or urine. No significant differences in faecal SCFA, fasting blood glucose, insulin, total cholesterol (TC), TAG or HDL-cholesterol were observed upon ingestion of WG compared with WB. However, a significant reduction in TC was observed in volunteers in the top quartile of TC concentrations upon ingestion of either cereal. No adverse intestinal symptoms were reported and WB ingestion increased stool frequency. Daily consumption of WG wheat exerted a pronounced prebiotic effect on the human gut microbiota composition. This prebiotic activity may contribute towards the beneficial physiological effects of WG wheat.
Whole-grain (WG) intake is associated with beneficial health effects and epidemiological studies have shown that it is protective against cancer, diabetes, obesity and in particular CVD 1 -3 . Whole grains are rich in fermentable carbohydrates such as dietary fibre, resistant starch and oligosaccharides and one proposed protective mechanism is the effect on human gut microbiota 4 . Diet -microbe interactions within the colon are now thought to play important roles in regulating mucosal physiology and may provide protection from invading pathogens, impact on liver function, bone health, satiety and chronic diseases such as some cancers, inflammatory conditions and heart disease 5, 6 . Many of these health-promoting activities are likely to be mediated by dominant members of the gut microbiota which have co-evolved with the human colon. Bacteria now seen as beneficial for human health include species belonging to the genera Bifidobacterium and Lactobacillus 7 . Similarly, maintenance of stable and diverse populations of commensal bacteria e.g. Eubacterium spp., Atopobium spp., and certain Bacteroides spp., characterises the gut microbiota in health and no doubt contributes greatly towards improved colonisation resistance and protection against gastrointestinal disorder 8 . Functional foods targeting the human colon aim to stimulate beneficial genera either directly by providing growth substrates which selectively promote the growth of an individual's autochthonous bifidobacteria and lactobacilli in vivo within the colon (prebiotics) or indirectly by introducing live exogenous bacteria in specially formulated foods (probiotics). Prebiotics are generally non-digestible soluble fibres such as inulin, oligofructose or galactooligosaccharides, and mimic the bifidogenic activities of non-digestible oligosaccharides present in human breast milk 9 . There is a growing body of evidence that certain prebiotics may mediate important health effects such as improved mineral absorption 10 , lowering of blood TAG concentrations in the hyperlipidaemic 11 and affecting colon cancer risk by reducing faecal water genotoxicity 12, 13 and in animal studies, reducing the number and size of chemically induced colonic tumours 14 . Currently, no information exists on the prebiotic potential of WG wheat.
WG cereals comprise three distinct physiological regions, the endosperm, germ and bran. The grain endosperm is composed mainly of starch, whose digestibility and subsequent fermentability will be affected by food processing (e.g. heating, drying, acid/enzymatic digestion). Grain germ, which is a minor fraction of the grain in wheat, is made up of a complex mixture of lipids, proteins and some mainly soluble carbohydrates, while wheat bran (WB) is composed of nondigestible, mainly insoluble and poorly fermented carbohydrates such as cellulose, hemicellulose, arabinoxylan as well as polyphenolic lignins all together indicated as dietary fibre. Whole grains contain many compounds such as antioxidants, lignans, vitamins and minerals that may protect against chronic disease. Particularly in cereal products, dietary fibre is composed of different compounds that may be coresponsible for many of its physiological effects. An important amount of phenolic compounds (500 -1500 mg/kg), mainly ferulic acid, is linked to the dietary fibre and this may explain why wheat dietary fibre has a marked antioxidant activity 15 . Dietary fibre in toto (carbohydrate and phenolic compounds) mediates their biological activity on host health through the colonic microbiota 16, 17 . There is currently no information on the impact of specific WG cereals on the microbial ecology of the human colon, and how this may impact upon chronic disease risk.
In the present study, the efficacy of WG wheat compared with WB alone to beneficially modulate the gastrointestinal microbiota and their activities was determined. The objective was to assess the ability of WG compared with WB to selectively increase numbers of bifidobacteria and alter colonic metabolic output. The secondary objective was to determine the relative impact of WG and WB on biomarkers of gut health (bowel habit and faecal water genotoxicity) and blood lipid parameters. We present the findings of a double-blind, placebo-controlled crossover study where thirty-one healthy subjects were randomised in two groups and were fed either WG wheat breakfast cereal (48 g/d), or WB breakfast cereal (48 g/d) as placebo for 3 weeks. After a 2-week wash-out phase volunteers were then crossed over to the other breakfast cereal treatment for another 3 weeks. Fasting blood, 24 h urine and single stool samples were collected before and after treatment with the cereals, and changes within the gut microbiota and its metabolic output in terms of SCFA profiles and plasma ferulic acid.
Material and methods

Subjects
Thirty-two healthy volunteers (20 -42 years of age, average age of 25 years; sixteen females, fifteen males) were recruited from the Reading area. Written consent was obtained from each person and selection took place following determination of health status through a medical interview and adherence to the inclusion/exclusion criteria. The subjects all satisfied the following inclusion criteria: they were all between 18 and 50 years old with a BMI between 20 and 30 kg/m 2 . Good general health was determined by medical questionnaire. Volunteers were excluded from the trial if there was evidence of physical or mental disease or major surgery as revealed by history or physical examination, which might limit participation in or completion of the study. Volunteers with a history of drug abuse, including alcohol, and smokers were excluded. Volunteers could not be pregnant, lactating or planning pregnancy, have severe allergy or a history of severe abnormal drug reaction. Intake of an experimental drug within 4 weeks prior to study, former participation in prebiotics or laxative trial within the previous 3 months, use of antibiotics within the previous 6 months, chronic constipation, diarrhoea or other chronic gastrointestinal complaint (e.g. irritable bowel syndrome) and intake of other specific prebiotics or probiotics, drugs active on gastrointestinal motility, or a laxative of any class for 4 weeks prior to study, were all prohibited. The study was approved by the Ethics Committee of the University of Reading.
Requirements for diet and medication during study
The intake of the following foods or substances was not permitted: confirmed prebiotics (such as oligosaccharides e.g. fructooligosaccharide or inulin), probiotics (e.g. live yoghurts, fermented milk drinks), high bran or WG breakfast cereals other than the test food, drugs active on gastrointestinal motility, antibiotic treatment or any class of laxative. Any medication taken was recorded in diaries. Volunteers were instructed not to alter their usual diet or fluid intake during the trial periods.
Study design
The dietary intervention study was performed as a doubleblind, randomised, placebo-controlled crossover manner. Thirty-two healthy volunteers were recruited onto the study but one volunteer dropped out due to personal reasons (n 31). For a 2-week period prior to dietary intervention, volunteers followed a restricted diet as described earlier. Thirty-one subjects were randomly allocated into one of two groups. One group (n 16) consumed first the 100 % WG wheat breakfast cereal (48 g/d) for 3 weeks, and then after a 2-week washout period, they consumed the equivalent placebo (WB based breakfast cereal; 48 g/d) for 3 weeks. The other group (n 15) received first the equivalent placebo (WB based breakfast cereal; 48 g/d) for 3 weeks, and then after a 2-week washout, they consumed the 100 % WG wheat breakfast cereal (48 g/d) for another 3-week treatment period. Each product was given for 3 weeks, followed by 2-week wash-out periods during which no breakfast cereal was consumed (Fig. 1) . All test materials were packaged, labelled and randomised by the Cereal Partners UK (Welwyn Garden City, Herts., UK) prior to the study, investigators were not aware of which of the treatments the volunteers were taking and the volunteers were unaware which of the two breakfast cereals they were given (WG or WB).
Volunteers were asked to keep diaries while ingesting cereals, to record stool frequency and consistency (constipation, hard, formed, soft or diarrhoea), abdominal pain (none, mild, moderate or severe), intestinal bloating (none, mild, moderate or severe) and flatulence (none, mild, moderate or severe) on a daily basis. Any concomitant medication and adverse events were recorded.
Faecal samples, 24 h urine and 30 ml fasting venous blood were collected from each volunteer at five different time points before and after each treatment arm and 14 d after the second treatment arm within 48 h (i.e. 0, 21, 36, 58, 73 d).
Composition of breakfast cereals
The energy intake of the cereals was not the same with WB containing 1184 kJ/100 g and WG containing 1442 kJ/100 g cereal, respectively. WG contained (per 100 g) 67·8 g carbohydrates, of which there are 0·9 g sugars; 11·6 g protein, 2·5 g fat and 11·8 g fibre. WB contained 48 g carbohydrate/ 100 g which was considerably lower than in WG; however, the proportion of sugars in the WB was higher at 17 g/100 g. The remaining 31 g carbohydrate in WB was starch. WB contained a considerably higher amount of fibre (27 g/100 g). The protein and fat content of WB were similar to those of WG, at 14 g and 3·5 g, respectively per 100 g.
Enumeration of faecal microbial populations by fluorescence in situ hybridisation
Faecal samples were stored in an anaerobic cabinet (10 % H 2 ; 10 % CO 2 ; 80 % N 2 ) for no longer than 2 h prior to processing. The enumeration of faecal microbial populations was carried out using fluorescently labelled 16S rRNA targeted oligonucleotide probes and fluorescence in situ hybridisation , Eubacterium rectale group (5 0 -GCTTCTTAGTCARGT-ACCG) 22 , Clostridium histolyticum group (5 0 -TTATGCGGT-ATTAATCTYCCTTT) 22 and the lactobacilli/enterococci (5 0 -GGTATTAGCAYCTGTTTCCA) 23 were used for enumeration of dominant members of the gut microbiota. The probes were labelled at the 5 0 end with the fluorescent dye Cy3. For the enumeration of total cells, samples were stained with the nucleic acid stain 4 0 ,6 0 -diamino-2-phenylindole (DAPI). Slides were enumerated using a Nikon microscope with an EPI-fluorescence attachment (Nikon UK, Kingston-uponThames, UK).
SCFA analysis
Aliquots (1 ml) of 100 g/l faecal suspension in sterile 1 M PBS, pH 7·0, were dispensed into 1·5 ml tubes and centrifuged at 13 000 g for 5 min to pellet bacteria and other solids. Supernatants were then filtered using a 0·2 mm polycarbonate syringe filter and added to four volumes of acetonitrile containing 3·7 mM 2-ethylbutyric acid as the internal standard. Calibration was done using standard solutions of acetic acid, propionic acid, i-butyric acid, n-butyric acid, i-valeric acid, n-valeric acid, n-caproic acid in acetonitrile. Standard solutions containing 20 mM, 10 mM, 5 mM, 1 mM and 0·5 mM of each external standard were used. Fatty acids were determined by GLC using a Hewlett Packard (Agilent) 5890 Series II GC system (HP, Crawley, West Sussex, UK) fitted with a Permabond FFAP column (25 m £ 0·32 mm; Macherey-Nagel, Düren, Germany) and a flame-ionisation detector. The carrier gas, He, was delivered at a flow rate of 2·0 ml/min. The head pressure was set at 0·862 bar and the split ratio was 25:1. Injector, column, and detector were set at 2208C, 1408C (isothermic), and 2208C, respectively. After 5 min the column temperature was increased at 208C/min increments to run for a further 15 min. Peaks were integrated using Atlas Lab managing software (Thermo Lab Systems, Mainz, Germany). SCFA concentrations were calculated by comparing their peak areas with those of the standards.
Faecal samples, plasma and 24 h urine preparation for LC-MS/MS analysis
Faecal sample preparation was carried out in conditions according to a procedure published by Kroon et al. 24 with some modifications. Briefly, faecal samples (500 ml) were treated for 2 h in the dark with 2 M NaOH at 358C. The solutions were acidified to pH 2·0 with 4 M HCl. Phenolic acids were extracted twice with ethyl acetate (10 ml) under agitation and 5 min centrifugation at 4000 g. The ether phases were collected in amber test tubes and completely evaporated under N 2 . The dry extracts were dissolved in 1 ml 50 % aqueous methanol and filtered (PTFE membrane, 0·45 mm Millipore, Bedford, USA). A 20 ml aliquot of the filtrate was then analysed by LC -MS/MS. Plasma samples (500 ml) were spiked with 0·5 mg o-coumaric acid as internal standard. Following acidification (pH 6·5, 0·5 M HCl), plasma samples were incubated with b-glucuronidase (7·5 £ 10 4 units/l) and sulfatase (1·5 £ 10 4 units/l) for 1 h at 378C in a shaking water bath. This mixture was further acidified with HCl to pH ,2 and then extracted with ethyl acetate (3 £ 3 ml), and the organic phase rotary evaporated to dryness. The residue was dissolved in 500 ml 50 % methanol, centrifuged for 5 min at 15 000 g, and filtered through a 0·45 mm syringe filter prior to analysis by LC -MS. For the collection of urine for the study, volunteers were provided with a 24h-urine container (Fisher Scientific Ltd, Loughborough, Leicestershire, UK) containing 2 g ascorbic acid. The total volume of urine was recorded after which the urine samples were dispensed into 1·5 ml microcentrifuge tubes and frozen at 2 208C. The urine samples solution (2 ml) were mixed with 450 ml 50 M sodium acetate buffer (pH 5·5) and 1000 ml 0·6 M CaCl 2 solution. These solutions were incubated in a manner similar to that of the plasma samples, followed by an acidification step with 20 ml 6 M HCl solution. Then the urine was extracted twice with 4 ml ethyl acetate and the organic phase was rotary evaporated to dryness. The samples were dissolved in 500 ml 50 % methanol, centrifuged for 5 min at 15 000 g, and filtered through a 0·45 mm syringe filter prior to LC -MS/MS analysis.
HPLC -ESI-MS/MS analysis
HPLC -ESI -MS/MS analyses were carried out on a LC-MS/ MS System (API 3000, MDS SCIEX). LC analyses were performed using a system consisted of a series 200 binary pump (Perkin Elmer, USA). The mass spectrometer was equipped with a Model 11 syringe pump (Harvard, Apparatus, Holliston, MA, USA). A turbo Ionspray source, with the nebuliser temperature set at 4508C, was used. The collision-induced dissociation was carried out using N 2 as collision gas. Analyses were performed using a Prodigy column 5 m ODS3 100A, 250 £ 4·60 mm (Phenomenex, USA). The solvent system was water (0·1 %), formic acid (solvent A) and methanol (solvent B); only in urine analyses solvent B was acetonitrile. The linear solvent gradient was as follows: 0 -10 min 95 % A 5 % B, 10-12 min 55 % A 45 % B, 12 -15 min 45 % A 55 % B, 15 -17 min 0 % A 100 % B, 17-22 min 0 % A 100 % B, 22 -24 min 95 % A 5 % B returned to initial conditions. The acquisition was carried out by a multiple reaction monitoring system, in negative mode, monitoring the transition of parent and product ions specific for each compound with a dwell time of 500 ms. Thirteen phenylacetic, phenylpropionic and cinnamic acid derivates, were simultaneously detected (see Table 1 ). To promote ionisation of the precursor ion, the volt age applied was 4500 while the collision energy and collision cell exit potential was optimised for each transition.
Data acquisition and processing were performed using Analyst software 1·4. The amount of hydroxycinnamates compounds was expressed in mg/l.
Faecal water preparation
Faecal samples were diluted 1:2 (w/v) in 1 M ice-cold PBS (1 g faeces plus 1 ml PBS) in a stomacher bag. Samples were homogenised in a stomacher for 2 min at high speed or until a uniform consistency was achieved. Aliquots (10 ml), in duplicate for each sample, were then transferred into ultracentrifuge tubes (Beckman Ultra-clear tubes, Beckman Ltd, High Wycombe, Bucks., UK) and the tubes stored at 2708C. Samples were defrosted on ice prior to centrifugation, then ultracentrifuged at 64 000 g for 2 h at 48C (Beckman Optima L90K Ultracentrifuge). Following centrifugation the tubes were placed on ice and the supernatants (faecal water) were carefully removed and placed into 7 ml Sterilin tubes. The faecal waters were then filtered through a 0·2 mm syringe filter, dispensed into 0·5 ml aliquots and frozen at 2708C and used for single cell gel electrophoresis.
Treatment of HT29 cells
The human colon carcinoma cell line HT29 was maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10 % fetal bovine serum and penicillin (50 IU/ml)/streptomycin (50 mg/ml) in a humidified 5 % CO 2 incubator at 378C. Prior to incubation with faecal water, HT29 cells were harvested and adjusted to a concentration of 3·2 £ 10 6 cells/ ml in un-supplemented DMEM. In order to determine faecal water genotoxicity, faecal water was added to the cell suspension giving a final concentration of 30 % faecal water and 2 £ 10 6 cells/ml. Then cell suspensions were incubated for 30 min at 378C. 30 % PBS served as a negative control.
Determination of DNA damage (Comet assay)
Numbers and viabilities of the treated cells were determined with Trypan Blue (Sigma-Aldrich) in aliquots. Briefly, following incubation with faecal water, 20 ml cell suspension was mixed with 20 ml Trypan Blue and counted under a light microscope using a Neubauer hemacytometer. Evenly blue stained cells were identified as dead cells while round, shiny cells were counted as viable cells. Viability is expressed as percentage of viable cells compared to the total cell count. The remaining suspensions were centrifuged at 200 g for 5 min at 48C and the resulting cell pellets were mixed with agarose and distributed onto microscope slides. H 2 O 2 (obtained as a 30 % aqueous solution from Merck & Co. Inc., Global Headquarters, USA) was used as genotoxic model substance. Cell suspensions (2 £ 10 6 cells/ml) were incubated with 75 mM for 5 min on ice. Further steps of single cell gel electrophoresis (alkaline version of the 'Comet assay') were carried out as originally described by Singh et al.
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. In summary, the slides were placed into the lysis solution (100 mM Na 2 EDTA, 1 % Triton X 100, 2·5 M NaCl, 10 mM Tris, pH 10) for at least 60 min at 48C and further processed in the microgel electrophoresis chamber containing alkaline solution (1 mM Na 2 EDTA, 300 mM NaOH, pH 13). After 20 min incubation for DNA unwinding, electrophoresis was carried out at 1·25 V/cm and 300 mA for 20 min. Slides were then washed with neutralisation buffer (0·4 M Tris, pH 7·5) and stained with ethidium bromide (Sigma-Aldrich,). The microscopic analysis revealed images of more or less damaged DNA ('comets') 26 . The proportion and extent of DNA migration were used as basis for evaluation. These parameters were quantified using the image analysis system of Komet 5·5 (Kinetic Imaging Ltd.). Fifty DNA spots were evaluated per slide. For each faecal-water sample three gels were processed for determination of DNA strand breaks.
Blood samples collection and analysis
For each volunteer, blood samples were collected into one 10 ml EDTA tube (BD Vacutainer w EDTA Tube, BD, Cowley, Oxon., UK) for the analysis of fasting TAG, total cholesterol (TC) and HDL-cholesterol concentrations; into one 2 ml fluoride/oxalate tube (BD Vacutainer w Fluoride/Oxalate Tube) for the analysis of fasting glucose concentration and into one 10 ml heparin tube (BD Vacutainer w Plasma Tube) for the analysis of fasting insulin concentration and ferulic acid. Following collection all samples were kept on ice until centrifugation. Plasma samples were recovered by centrifugation at 1700 g for 10 min, dispensed into 1·5 ml microcentrifuge tubes and frozen at 2 208C within 1 h from the collection. Plasma samples were defrosted and centrifuged for 5 min at 1500 g prior to analysis.
Determination of plasma TAG, glucose, total cholesterol and HDL-cholesterol concentration Plasma TAG, glucose, TC and HDL-cholesterol concentrations were determined using the Monarch Automatic Analyzer ILab 600 (Instrumentation Laboratories Ltd, Cheshire, UK). Test kits (IL Test triacylglycerols, IL Test cholesterol, IL Test HDL cholesterol and IL Test glucose (hexokinase)) supplied by Instrumentation Laboratories were used according to instructions for the determination of plasma TAG, TC, HDL-cholesterol and glucose, respectively. Two quality control samples, Wako Control Serum I and Wako Control Serum II (Alpha Laboratories Ltd, Eastleigh, Hants., UK), containing normal and abnormal known concentration of TAG, TC, HDL-cholesterol and glucose were included at the beginning and at the end of each batch analysis. Sample results were accepted if quality control values were within the range specified by the manufacturers.
Determination of plasma insulin concentration
The determination of plasma insulin concentration was carried out using a specific commercial ELISA kit (DAKO Diagnostic Ltd, Cambridgeshire, UK). Prior to analysis plasma samples were thawed on a roller mixer. Calibrators and reagents were prepared according to manufacturer's instructions. A 25 ml aliquot of plasma, calibrator or control was pipetted onto a 96-well plate and 100 ml anti-insulin antibody, horseradish peroxidase, conjugate was added. The plate was shaken for 1 h at room temperature. Following incubation, the plate was washed three times with wash buffer. A 100 ml aliquot of substrate solution was added to each well and the plate shaken for 10 min at room temperature. The reaction was stopped by addition of 100 ml stop solution and the plate read immediately at 450 nm using an automated ELISA plate spectrophotometer (Tecan GENios; Process Analysis and Automation Ltd, Farnborough, Hants., UK). Insulin concentrations of the samples and quality controls were determined automatically by reading from the standard curve using Magellan (version 5.01) computer software.
Statistical analysis
All statistical analyses were performed using either generalised linear modelling or one-way ANOVA. Subsequent investigation of the three pairwise comparisons (i.e. baseline v. WG, baseline v. WB, and WG v. WB) used Tukey's post test with significance set at P,0·05. We used GenStat w for Windows w 8th Edition Released for analysis.
Results
Faecal bacteriology
Population levels of the dominant members of the human gut microbiota in thirty-one volunteers were determined using fluorescence in situ hybridisation and are expressed as log 10 cells/g faeces (mean value with SD, n 31). It was confirmed that there was no carry-over from the first leg of the crossover study by statistical evaluation using a generalised linear model as there were no significant differences regarding the sequence of WB (placebo) or WG (treatment) for all of the tested bacterial groups. Using this statistical analysis we also found highly significant treatment effects for bifidobacteria and lactobacilli (P,0·001) and to a lesser extent for Atopobium spp. (P¼ 0·024) compared with placebo. In order to have a more in-depth analysis and to compare WB and WG to pre-intervention samples (pre-WB or pre-WG) we used one-way ANOVA with Tukey's post test. Pre-WB and pre-WG data are either time point 1 (0 days) or time point 3 (36 days) values depending whether one or the other immediately preceded the respective treatment, WG or WB. The results from this comparison are presented in Table 2 .
Numbers of bifidobacteria were significantly higher during the ingestion of the WG compared with the WB treatment period (P,0·001). A significant increase in Bifidobacterium spp. numbers was also observed during WG intake compared with pre-WG (P,0·01), while no changes were found between pre-WB and WB. Numbers of faecal lactobacilli/ enterococci increased significantly with ingestion of either WB or WG compared with pre-treatment samples. However, the magnitude of change was significantly higher after WG compared with WB intake (P, 0·05). Numbers of clostridia increased significantly during WB intake compared with pre-WG (P, 0·05) but no significant difference was observed in this bacterial group between WG and WB feeding periods. No significant changes in numbers of total bacteria, Bacteroides spp., Atopobium spp. and Eubacterium rectale group were observed.
Colonic metabolic output (ferulic acid and SCFA concentrations)
Thirteen phenolic acids and their metabolites were quantified by LC -MS/MS in urine and plasma after treatment by b-glucuronidase and sulfatase. Concentrations of plasma ferulic acid, the main phenolic compounds in wheat, increased upon ingestion of either WG or WB, with higher concentrations found upon ingestion of WB (Fig. 2) . The average concentration of plasma ferulic acid increased from 2·28 mg/l at baseline to 5·70 mg/l after WG and 6·22 mg/l after WB consumption, with great variability among subjects. Caffeic acid, 3-hydroxyl-phenylpropionic and hippuric acid were also detected, but at much lower concentrations.
In urine, two main microbiota metabolites of phenolic acids were identified: 3,4-dihydroxyphenylpropionic acid and 4-hydroxybenzoic acid, while other compounds such as caffeic acid and 3-hyrroxyphenilacetic acid, were present at trace concentrations. The concentration of 3,4-dihydroxyphenylpropionic acid tended to increase upon intake of both WG and WB (average value 24·7 mg/l) with respect to baseline (average value 10·7 mg/l), while that of 4-hydroxybenzoic acid increased from an average baseline value of 8·6 mg/l to an average value of 18·0 mg/l in WG and WB. Fig. 3 shows the concentrations of faecal SCFA. No significant changes in faecal concentrations of acetic, propionic, butyric or caproic acid were observed over the course of the trial, neither between pre-WG and WG and pre-WB and WB nor when placebo (WB) and treatment (WG) were compared. Table 3 summarises data on digestive tolerance and stool consistency, as recorded by the volunteers during intake of the breakfast cereals. Stool frequency was higher during ingestion of WB compared with WG (P, 0·05). Stool consistency, qualitatively graded by volunteers as hard, formed, or soft, varied greatly between individuals. A greater proportion of stools described as formed were reported during WG ingestion, while there was an increase in soft stools (P, 0·001) and in flatulence upon ingestion of WB (P, 0·001).
Biomarkers of gut health
The severity and frequency of reported changes in digestive tolerance varied greatly between volunteers, with neither treatment resulting in adverse symptomology.
Faecal water genotoxicity
Faecal water genotoxicity varied greatly between volunteers at the beginning of the study ranging from 6·3 % tail intensity to 66·1 % tail intensity (CV 74·4 %). Neither WG nor WB significantly influenced the potential of faecal water to induce strand breaks (Fig. 4) . However, for the quartile of volunteers who had the highest genotoxic activity at baseline (genotoxicity $24·6 % tail intensity) there was a reduction in the faecal water genotoxicity after intervention with cereals, but this decrease was not significant (baseline, 42·90 (SD 16·68) %; WG, 28·39 (SD 16·88) % and WB, 24·35 (SD 16·56) % tail intensity, mean (SD), n 8, one-way ANONA, P ¼ 0·0884). n 8, one-way ANOVA, P¼0·0884). There was no difference between cereal treatments.
Blood lipid parameters
Fig . 5 shows data for TC, HDL-cholesterol, glucose and insulin, and NEFA measured in blood samples taken at baseline and following ingestion of WB and WG. Ingestion of neither breakfast cereal impacted upon blood lipid/metabolic parameters during the relatively short 3-week feeding period. No significant differences were observed in these parameters between WG and WB feeding periods. When the effect of the breakfast cereals was examined in those volunteers presenting with the highest starting TC concentrations (the top quartile of TC), a significant reduction in TC was observed from a baseline concentration of 5·576 (SD 0·421) mM, to 4·216 (SD 1·006) mM after WG ingestion and 4·385 (SD 1·093) mM, after WB ingestion (n 8, one-way ANOVA, P,0·05).
Discussion
A prebiotic is defined as 'a selectively fermented ingredient that allows specific changes, both in the composition and/or 0·6  1·09  14·4  7·0  6·5 †  7·2  WG  26·97  1·72  0·7  1·3  17·1  5·6  3·3  5·7   None  Mild  Moderate  Severe  Abdominal Pain  WB  12·7  8·9  5·1  6·7  2·4  5·8  0·3  1·4  WG  11·6  9·3  8·2  8·9  1·3  3·9  0·06  0·35  Stomach or Intestinal bloating  WB  8·9  9·0  9·0  8·54  1·25  3·9  0·48  2·7  WG  10·3  1·0  9·6  9·8  1·16  4·0  0·9  2·4  Flatulence  WB  3·6  6·6  6·4  7·7  7·3  9·2  2·70 ‡  6·07  WG  9·4  9·5  8·5  9·0  1·7  4·8  0·1  0·7 activity in the gastrointestinal microbiota that confers benefits upon host well-being and health' 27 . There is a growing body of evidence supporting the beneficial health effects of prebiotics on bowel habit and constipation 28 -32 and increased mineral absorption 33 -36 and recently, in reducing the risk for some chronic diseases (e.g. colon cancer and CVD). Prebiotics may have chemopreventive effects in colorectal cancer as it was shown that prebiotics prevented the occurrence of preneoplastic lesions and tumours in chemically-induced colon carcinogenesis in rodent models 1 . Recently, intervention with oligofructose-enriched inulin in combination with probiotics in human subjects favourably altered colon cancer biomarkers in high-risk individuals (polypectomised patients) 37 . It was also reported that consumption of prebiotics lowered TC and TAG in plasma 32,38 -40 suggesting beneficial effects especially in hyperlipidaemic individuals who have an increased risk for CVD and type II diabetes 41 . Likewise, epidemiological studies showed an inverse association between intake of whole grains and the risk of several chronic diseases including CVD, type II diabetes and cancer 3 . As whole grains contain considerable amounts of fermentable carbohydrates it was proposed that one mechanism for the observed protection offered by whole grains is their impact on the gut microbiota 4 . However, evidence to support the hypothesis that whole grains can influence bacterial populations and their activities in the gut is lacking.
To test this hypothesis, we measured the impact of WG wheat compared with WB on the human gut microbiota. The primary objective was to identify differences in the relative population levels of intestinal bacteria and their metabolic activities upon ingestion of WG compared with WB breakfast cereal. A secondary objective was to assess possible health effects by measuring biomarkers of gut health (bowel habit and faecal water genotoxicity) and CVD (blood lipid parameters). In particular the concentration of ferulic acid, 95 % of which is bound to the arabinoxylan present in the bran fraction of the wheat kernel and can be released or transformed by microbiota action, was determined.
The choice of this WG breakfast cereal was made following preliminary in vitro screening of three WG breakfast cereals compared with WB. In this screening, the WG breakfast cereal selected performed better than the others in terms of bifidogenicity and changes in SCFA production with increased concentrations of butyrate (data not shown).
Using direct molecular based enumeration of faecal bacteria, we have shown in this study that ingestion of a WG breakfast cereal results in significantly higher numbers of Bifidobacterium spp. in stool samples compared with an equivalent quantity of the WB based breakfast cereal after a 21-d feeding period. Although numbers of lactobacilli increased upon consumption of both breakfast cereals, there were significantly higher numbers of lactobacilli upon ingestion of WG compared with WB. It cannot be determined whether the increase in clostridia after WB intake should be seen as detrimental as the applied probe also recognises commensal bacteria such as Clostridium butyricum and Clostridium beijerinckii 22 . That WB is indeed an energy source for clostridia has been observed by Leitch et al. 42 who showed that mainly unknown bacteria belonging to clostridia cluster XIVa selectively colonise WB. The different effects of WG and WB cereals on gut microbiota may be due to the different composition, as WG contained a considerably higher content of non-sugar carbohydrates, which might represent fermentable carbohydrates. This is the first report that consumption of a whole plant food, which has undergone little processing, may act as a prebiotic. However, there were no differences in faecal SCFA after ingestion of WG cereals. This is not surprising as SCFA are readily absorbed in the large intestine. Thus, an increase in acetic and butyric acid was only observed in colostomy effluent after intervention with a high concentration of resistant starch in human subjects 43 , while other human intervention studies with proven prebiotics failed to show changes in the fermentation profile in faeces 44 -48 . Similarly, an increase of SCFA after prebiotic intervention in rats was mainly observed in the caecum, but not in faeces 49, 50 . A significant increase of the ferulic acid plasma concentrations was observed upon ingestion of both WG and WB, without significant differences between the two types of breakfast cereals. It should be noted that this increase was observed in the plasma of fasting subjects. This indicates that the rapid absorption from the upper gut, of the small fraction of free ferulic acid present in cereal fraction is followed by colonic absorption of ferulic acid released through microbiotal metabolism. The concentration of ferulic acid found in the subjects is in agreement with those reported in the studies by Kern et al. 51 who measured the bioavailability of ferulic acid after a single dose of WG breakfast cereal.
The fact that a regular consumption of WG tripled the ferulic acid concentration in fasting plasma may be of physiological relevance 52 . In fact, food phenolic compounds in plasma are usually detected for a limited window-time of 0·5 -3 h after the consumption of fruit or other free-phenolic-rich food such as coffee 17,24,53 -55 . Our data extend the results of the studies by Rondini et al. 56, 57 who showed that in rats plasma ferulic acid concentration is constant up to 24 h after bran consumption. Therefore our finding demonstrates for the first time that in human subjects the regular consumption of WG and WB is followed by a slow and continuous release of phenolic acids into the bloodstream. The continuous presence of these antioxidants could efficiently preserve some oxidation targets such as LDL and TAG thus contributing to the well known association between WG consumption and prevention of CVD.
A secondary objective of this study was to assess the relative impact of WG and WB breakfast cereals on health effects by measuring changes in bowel habit or symptomology and faecal water genotoxicity, blood lipid and metabolic profiles, specifically, blood TAG, TC, HDL-cholesterol, NEFA, glucose and insulin concentrations. An improvement in bowel habit was observed upon ingestion of both breakfast cereals, with WB increasing stool frequency (without diarrhoea), while WG stool form was more commonly described as formed than WB stools and flatulence was recorded as less severe during WG ingestion. Although there was a trend towards reduced faecal water genotoxicity upon ingestion of both breakfast cereals in volunteers with high faecal water genotoxicity before intervention, this effect was not significant. Taking all volunteers into account there was no difference in faecal water genotoxicity after intervention due to high inter-individual variation. Similar high inter-individual variation in faecal water genotoxicity was reported from other human studies 58 -62 making it difficult to observe an intervention effect in a small study population 61 . Further studies with greater numbers of volunteers are warranted to fully establish the impact of WG cereals or prebiotics on faecal water genotoxicity, especially in individuals with high faecal water genotoxicity who may be at a heightened risk of developing colon cancer. It is not altogether surprising, that there are no obvious differences considering the similarities in the test foods (many of the complex polyphenolic compounds present in WB are also present in WG wheat, including those likely to lead to the formation of signature phenolic derivatives, such as ferulic acid, often used as biomarkers of cereal grain ingestion) and the fact the volunteers were on an open diet, the only restriction being on consumption of other breakfast cereals, probiotics or commercial prebiotic functional foods.
Similarly, no significant differences in blood lipid or metabolic (glucose or insulin) parameters were observed. This too is not surprising for a short-term feeding study in healthy individuals and longer-term trials in high-risk populations are warranted to investigate the efficacy of WG and WB breakfast cereals in impacting on biomarkers of CVD. However, when the effect of breakfast cereal ingestion was examined in those within the top quartile for total serum cholesterol, a significant reduction in TC was observed for both breakfast cereals, with WG apparently having slightly greater cholesterol-lowering effect. No significant change in serum HDLcholesterol was observed for these individuals during cereal intake, indicating that this reduction on TC may be viewed as beneficial in terms of CVD risk. Although the mean TC (5·576 (SD 0·421) mM) of this top quartile was still within the normolipidaemic range, these findings do suggest that intake of either breakfast cereal may have a beneficial impact on blood lipid profiles. So far, significant decreases in blood lipids after ingestion of prebiotics have usually only been observed in hyperlipidaemic individuals 32,38 -40 while studies in the normolipidaemic failed to show a reduction 28,48,63 -65 . Another study with healthy volunteers which reported a lowering effect on TAG after intervention with inulin chose subjects with moderately raised TC and TAG levels 66 . These subjects would correspond to the volunteers in the upper quartile in this study supporting the beneficial effect observed here in this sub-group. In order to prove a beneficial effect of WG further studies involving larger numbers of individuals over a longer intervention period would be a prerequisite, especially in those with hyperlipidemia.
In conclusion, this study has, for the first time, demonstrated the differential impact of WG wheat and WB on the microbial ecology of the human gut. Additionally, it has established a prebiotic mode of activity for the WG breakfast cereal investigated with increased populations of bifidobacteria and lactobacilli compared to starting levels and the WB. Finally, the increase of the ferulic acid concentration in fasting plasma suggests that the WG intake caused a continuous release of antioxidant in the bloodstream. This study has established a prebiotic mode of action for a WG cereal, which together with antioxidant activities may contribute to the underlying mechanisms of protective health effects of WG wheat.
